A tunable fluid-loaded free-electron laser ͑FEL͒ oscillator is demonstrated. This FEL-type experiment employs low-energy electrons, down to 0.4 keV. Therefore, it interacts with extremely long radio waves, in the VHF range (Ͼ1 m). The device consists of a folded-foil planar wiggler ( W ϭ4 cm), and a double-stripline cavity. The variable dielectric loading is implemented by distilled water in glass pipes situated on both sides of the stripline structure. Coherent oscillations are observed at the fundamental cavity mode, around 270 MHz. By varying the fluid dielectric loading, the operating frequency is tuned in a range of 10 MHz. This paper presents ͑a͒ the effect of a variable dielectric loading on the FEL tunability in general, and ͑b͒ an extremely lowelectron-energy and long radiation wavelength, in the lowest end of the known FEL operating spectrum.
I. INTRODUCTION
In free-electron lasers ͑FELs͒ ͓1,2͔, the electron beam undulates along a periodic, transversely polarized magnetic field, known as the wiggler field, and interacts with an electromagnetic wave which propagates in a hollow waveguide or in free space. The synchronism condition of the FEL interaction is given for a tenuous, mono-energetic electron beam, by
where and v ph are the em-wave angular frequency and phase velocity, respectively, and v ez is the average axial velocity of the electrons. Their wiggling frequency is defined as W ϭv ez k W , where k W ϭ2/ W is the wiggler periodicity. Equation ͑1͒ describes the fundamental tuning relation between the three FEL elements; the electron beam, the em wave, and the wiggler. The simplified tuning relation ͑1͒ neglects electron energy spread and space-charge effects ͓3͔. The Doppler up shift, a fundamental operating principle of the short-wavelength FEL, is presented in the denominator of Eq. ͑1͒. For FELs operating with relativistic electron beams in free space ͑v ez →c, v ph ϭc͒, the denominator tends to be infinitesimally small, hence, the Doppler up shift is large (ӷ W ) and the radiation wavelength is much shorter than the wiggler period (Ӷ W ). Relativistic FELs operate in the infrared ͓4͔, visible ͓5͔, and ultraviolet ͓6͔ regimes.
Ubitrons ͓7͔ and free-electron masers ͑FEMs͒ ͓8͔ form another type of FEL devices. These microwave tubes operate in the centimeter-and millimeter-wave regimes with mildly relativistic electron beams. FEMs employ, usually, hollow metallic waveguides, for which v ph Ͼc. This reduces further the Doppler-shift term in Eq. ͑1͒. Consequently, FEMs operate typically at р W .
The ubitron-FEM often includes also an axial magnetic field B 0 , to guide the electron beam. The electron axial velocity v ez in Eq. ͑1͒ is then related approximately to the magnetic field parameters and the electron energy by ͓1͔
using the definition ⍀ W,0 ϭeB W,0 /␥m, where e and m are the electron charge and mass, respectively, and ␥ is the relativistic factor. The characteristic solutions of Eq. ͑2͒ are classified as Group I and Group II solutions, for ⍀ 0 Ͻ W and ⍀ 0 Ͼ W , respectively ͓Eq. ͑2͒ is not valid near resonance, where ⍀ 0 ϳ W ͔. The axial magnetic field may excite a cyclotron interaction in addition to the ubitron-FEL interaction, as observed in Ref.
͓9͔.
Our previous work ͓9-11͔ extended the operating range of the known FEL-type interaction toward long radio wavelengths ͑Ͼ1 m͒, and toward extremely low electron energies ͑Ͻ1 keV͒. These FEL-type devices employ a TEM mode in transmission lines in which v ph ϭc, as in the shortwavelength free-space FELs. The Doppler shift, however, almost vanishes because of the slow electron beam (v ez Ϸ0.05c), and the tuning condition ͑1͒ is reduced to Ϸ W . The em wavelength, in the VHF radio band, is much longer than the wiggler period (ӷ W ). The operating frequency and electron energy in these experiments ͓9-11͔ are much lower than those of any known FEM experiment ͓12͔. This new operating regime differs, substantially, from that of the mature FEL and FEM types, hence, the acronym FER ͑R for radio͒ was proposed to define it ͓11͔. The main features of the FEL, FEM, and FER types are compared in Table I .
The wide spectrum of FEL experiments worldwide ͓2,12͔ is presented in Fig. 1 , which maps the operating wavelengths of FELs vs their electron energies. Figure 1 shows Our FER experiments ͓9-11͔ mark the lowest extreme of the worldwide FEL operating-spectrum map. These FER experiments have yielded 0.8 GHz at 1 keV ͓9͔, and 0.28 GHz at 0.75 keV ͓11͔. The latter radiates also at higher longitudinal modes ͑0.56 GHz at 2.5 keV, and 0.85 GHz at 5.7 keV͒. The FEL and FEM types mentioned above operate in free space or in hollow ͑uniform͒ waveguides, hence with fast em waves, v ph уc. Slow-wave FELs with magnetic wigglers ͑i.e., excluding Cherenkov devices͒ have been studied in various schemes, in structures of solid dielectrics ͓13͔, periodic waveguides ͓14͔, and gas-loaded FELs ͓15͔. The interaction with slow-wave (v ph Ͻc) increases the FEL Doppler shift, as results from Eq. ͑1͒.
The fluid loading of microwave tubes was proposed first in Ref. ͓16͔ as an inherent component of the electron-wave interaction. A fluid-loaded-FER version of this concept is presented in this paper. This FER experiment demonstrates the principle of FEL tunability by a variable dielectric loading of the FEL interaction region. In view of Eq. ͑1͒, v ph is varied by an external means in this experiment. This tuning method is applicable by other means also to shorter wavelength FELs.
II. EXPERIMENTAL SETUP
A principle scheme of the fluid-loaded FEL device is shown in Fig. 2 . The interaction region includes four glass pipes situated on both sides of two metallic striplines along a rectangular waveguide. The metallic striplines support a quasi-TEM mode. They suppress any axial electric field component (E z ) and eliminate the possibility for a Cherenkov interaction in this device. These metallic striplines also protect the glass pipes from the electrons, hence prevent their electrical charging.
The effective dielectric coefficient of this transmission line in its quasi-TEM fundamental mode ͓i.e., ⑀ eff ϭ(c/v ph ) 2 ͔ is determined by the amount of distilled water in the pipes. The FEL tuning Eq. ͑1͒ is given for this scheme by
where ⑀ eff , and consequently , are controlled externally. The ϯ sign indicates, explicitly, the forward ͑Ϫ͒ and backward ͑ϩ͒ wave interactions. Two mirrors with holes at both ends of the transmission line form a 0.53 m long cavity. The resonance frequency of the cold cavity ͑i.e., without an electron beam͒ is measured by a vector network analyzer ͑HP8714B͒ in a one-port scattering analysis mode. A probing frequency-swept signal is injected into the cavity, while its reflection coefficient is measured. A minimum in the reflection trace indicates a resonance frequency. Figure 3͑a͒ shows, for instance, power reflection measurements of the cold cavity resonances in two extreme levels of distilled water in the glass pipes. The minima in the two reflection traces show the corresponding resonance frequencies, 266 MHz and 276 MHz, for full and empty glass pipes, respectively. The fundamental resonance frequency of the cavity without the glass pipes at all is 285 MHz. The effective dielectric coefficient ⑀ eff of the transmission line, operating in the fundamental quasi-TEM mode, is deduced from the variation in the resonance frequency caused by the water loading, i.e.,
where q is the quantity of water in the pipes, and f R0 and f R (q) are the cavity resonance frequencies without the glass pipes, and with pipes filled with the actual amount of water, respectively, ͑i.e., f R0 ϭ285 MHz͒. Results of resonancefrequency measurements in a range of water loads, and the corresponding dielectric coefficient ⑀ eff ͑4͒, are presented in Fig. 3͑b͒ . A range of ⑀ eff ϭ1.06 to 1.15 is obtained by varying the water loading between empty and full pipes, respectively. A low-energy electron beam ͑Ͻ1 keV͒ emitted from a planar thermionic cathode is confined by an axial magnetic field ͓9͔. The collector current is measured by a 50 ⍀ resistor. A five-layer coaxially fed folded foil forms a planar wiggler ͓17͔ with W ϭ4 cm. The wiggler is tapered at both ends for adiabatic entrance and exit of the electron beam. This experimental setup operates in a single-pulse mode.
The diagnostic setup is illustrated in Fig. 4 . The em wave evolved in the FER cavity is sampled by an rf probe located in the middle of the cavity. The sampled signal is attenuated and split for power and spectral measurements. The signal is detected by a calibrated crystal detector. The FER output signal is observed also directly ͑without any detection͒ by a fast digital oscilloscope at a sampling rate of 1 G samples/s ͓11͔. The frequency variation along the pulse is measured by a frequency-time interval analyzer ͑HP5372A͒.
III. EXPERIMENTAL RESULTS
The operating parameters of the fluid-loaded FER experiment are listed in Table II . According to these parameters, the orbits of the electrons are characterized as Group II orbits ͑⍀ 0 /2Ϸ4 GHz, W /2Ϸ0.4 GHz͒. The performance of this device and its tunability features in various loading conditions are presented in this section.
A typical FER pulse is shown in Figs. 5͑a͒-5͑d͒. The effective dielectric coefficient in this example is ⑀ eff ϭ1.11. The detected output signal and the corresponding electrongun voltage pulse are shown in Figs. 5͑a͒ and 5͑b͒, respectively. The actual frequency during the pulse, measured by the frequency-time interval analyzer ͑HP5372A͒, is presented in Fig. 5͑c͒ . This reveals the frequency-modulation FIG. 3 . The ͑cold͒ cavity resonance-frequency measurements: ͑a͒ Power reflection traces for full and empty glass pipes. ͑b͒ Resonance-frequency tunability in a range of water loads, and the corresponding effective dielectric coefficient ⑀ eff ͓from Eq. ͑4͔͒. ͑FM͒ effect and shows that the sweep of the FER output frequency tends to follow the electron-gun-voltage variation ͓Fig. 5͑b͔͒. It is noted that radiation frequencies for increasing voltages are slightly higher than those measured for the same decreasing voltages. In addition, amplitude fluctuations are clearly seen in the trace of the detected output power in Fig. 5͑a͒ . The frequency of this amplitude modulation ͑AM͒, counted with respect to the instantaneous voltage gradient, is presented in Fig. 5͑d͒ . For each amplitude fluctuation period (⌬T), the instantaneous frequency (1/⌬T) and the corresponding temporal voltage gradient (⌬V/⌬T) are computed. Both FM and AM frequency measurements ͓Figs. 5͑c͒ and 5͑d͒, respectively͔ show similar ranges of FER frequency variations ͑ϳ0.3 MHz͒ during the voltage pulse. ͑This may hint that both effects are associated, maybe through the interrelations between the FER phase shift and the varying electron energy, and the cavity resonance.͒ These effects require further theoretical and experimental studies.
Increasing the fluid loading reduces both the FER oscillation frequency and the operating voltage. Figure 6 shows the rf detector output, the e-gun voltage, and the rf frequency, for ⑀ eff ϭ1.15. The oscillations are excited in the leading and trailing edges of the voltage pulse, from 420 to 640 V. The rf frequency shift during the pulse ͑measured by the HP5372A͒ follows the voltage sweep.
The tunability of the fluid-loaded FER is shown in Fig. 7 , as results in many runs with different dielectric loads. The inverse dependence of the FER oscillation frequency on the dielectric loading is almost linear in this range. The electron axial velocity, computed by Eq. ͑2͒ for data measured in different experimental runs, is shown in Fig. 8 ͓i.e., the actual wiggler and solenoid fields and the electron energy in each run are substituted to Eq. ͑2͒ to find v ez ͔. Each run is represented by the minimal and maximal electron velocities in which radiation is observed. The experimental results for v ez are larger than those predicted analytically by Eq. ͑3͒ for FIG. 5 . A typical FER output signal with a medium dielectric loading, ⑀ eff ϭ1.11: ͑a͒ The detected FER output signal. ͑b͒ The electron-gun voltage pulse. ͑c͒ The actual FER frequency during the pulse ͑HP5372A measurements͒. ͑d͒ The amplitude modulation ͑AM͒ frequency with respect to the voltage gradient. a backward-wave interaction. ͓Note that a slight spacecharge detuning ͓3͔ added to Eq. ͑3͒ eliminates this deviation.͔ The energy spread acceptance observed in these experiments is considerably wide, and the relative energy detuning exceeds 10%. However, the tendency of the axial velocity to decrease as the dielectric loading increases is similar in both experimental and analytical lines in Fig. 8 .
The FER electronic efficiency ͑i.e., the ratio between the coupled output signal and the electron-beam power͒ is shown in Fig. 9 . The efficiency tends to increase with the dielectric loading, and it exceeds an average of ϳ2%. This result can be improved by a stable operation and an optimal coupling in a future experiment.
IV. CONCLUSIONS
The FER devices presented here and in Refs. ͓9-11͔ obey the basic physical rules of the mature FEL types, though they operate at extremely low voltages and long wavelengths at the lowest end of the FEL operating spectrum ͑266 MHz at 420 V͒.
A method of FEL tuning by a variable-dielectric loading is demonstrated successfully. This concept could be relevant, in general, as a method to tune FELs in both oscillator and amplifier schemes. The variable dielectric, demonstrated here by the fluid loading, can be implemented by solid materials as well, either by a variable geometry or by a ferroelectric material. Compared to the known method of FEL tuning by electron-energy variation, the controlled dielectric loading alleviates the need to change the accelerator and electron-optics settings.
For scientific purposes, the FERs can be used as table-top experiments to study fundamental FEL physics ͑even in small laboratories͒. For instance, the electron bunching structure could be easily observed, as suggested in Ref. ͓18͔, or, efficiency enhancement could be studied by tapering the fluid dielectric loading along the tube ͑simply by tilting it͒. The low-cost FER can be used even for educational purposes to demonstrate FEL operation.
For practical purposes, a high-power FER version with enhanced efficiency may add another range of applications to the diverse FEL family. Practical applications, in the UHF and VHF bands, include a wide range of industrial processes, radio communication, radar, rf accelerators, and plasma processing. The FER tunability, demonstrated in this paper, could be a useful feature in these applications. As compared to existing rf sources ͑klystrons, for instance͒, the FER introduces the known advantages of fast-wave devices. The FER concept is believed, therefore, to be a useful extension of the FEL family in both scientific and practical aspects.
